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1. 1Introduction

A systematic review and account of our knowlsedge of the constitution,
compoeition and dynamics of the upper atmosphere including the more appli-
ceble physical perameters would be extremely difficult. 1Indeed, such e
weelth of materiel exists in the litsrature that a thorough evaluation de-
tracts from the main point of interest,némely,the pertinent atmospheric
processes. The etmosphere combined with the incident solar end cosmic radia-
tion provides the environment for the particle-field and particle-particle
interactions. Yor this reason it is desirable to include the important
features of the various geophysical parameters including, where available,
the eppropriate quentitative data. TFortunately, an excellent reviav of
the dynamic properties of the terrestrial atmosphere has besen given by
Nicolet et 11(1) end our discussion may be considered to supplement
rether then include this review. PFigure 1 gives a self-explanatory des-
cription of the Micolet's nomenclature which defines the gross character-
ietics of the verious regions of demarcation. The several mass motions
¢! interest such as vertical drift and mixing, thermodynamics of heating,
etc., will not be treated es & single topic, but rether as epplicetions

of particular microscopic or macroscopic processses.

The atmospheric perameters coneidered as essenticl to the definition of
the stmospheric particle interactions ere the total density including fluc-
tustions and cross-correlstions), temperature, molecular and atomic com-
position, electron density, and ion composition, and solar flux. Again,

the amount of attention devoted to e perticular topic herein i{s aot indicative
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of its importence to the physice of the upper atmoaphere. Special atten-
tion has been paid to those areas vwhich we consider tc be treated inad-
equately in the literature or in vhich the GCA staff has particular
competencs. In addition, our view or interpretetion of the data - when
conflicting data or embiguities exist - may be prejudiced by the require-

ment for self-consistancy.

In the pre-Sputnik ere several model atmosphutes were postulated
defining the variation of descriptive geophysicel paramatsrs with altitude.
Anong the more comprshensiva of thesa surveys was the 1956 ARDC Medel
Atmosphere. The introduction of satellites into the environment of
interest in the 1937-58 sra greatly accelerated the data gathering capa-
bility hitherto depandent upon the spatislly and temporelly limited recket
flight experiments. The sateliite drag data thue accumulated frequently
deviated from the theoretically postulated model atmospheres, end the
observad time and specs variations ware incompatible with the assumptions
of the mean model. Tor these reasons several attempts to modify the
existent models wera mads circa 1959 and it has bean demonstrated that
among these the 1939 ARDC Xodel (fig. 2) is probably the most credulous

at least for the mean of the diurnal, seasonal and solar fluctuations.
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2. Denaity end Composition
2.1. Tha 1239 ARDC Medel Asmosphere

In the 1939 revised model the molecular-scule - tcmpersture has been
eouputed as a function of the geopotentisl altitude constatent with date
oboerved during esveral availsble rocket and satellite experiments.
Starting at a well estabdliehad point (3) km of the 1936 model), values
of the melecular-pcale-temperature were selected such thet they defined
densitias in reasonable agresment (in slope) with the observed date. The
ultimate result of this piece-meal conatruction was e profils (fig. )
which shewsd a lower temparature (than previous models) in the 90km
region and more spectaculariy a constiderabdble temperature incresss at
higher altitudes (109 - 170 km). An sxtension of the model from 600 km
to 3 aarth radii with a constant lepae rets of {f « 3.10%um and o
meen molasular weight decressing to unity (discounting elsctrons ae o
centyibutor ta the mean moleculer weight), yields velues of mens denesty
which ara consistent with those derived by Chapman in the soler-corene
enalysie at the sarth-sun distence. Minaner points out that extension of
the model to eltitudes ebove 700 km is tenuous since the sssumption of
hydrostetic equilibrium end the bssic concept of temperature are probably
ineppliceble. 1Indeed, the action of the aslsr wind upon the magnettic b-
field ebovc & few earth radit as presented conceptually in an ther .cpori
and the anisotropic behavior of the predominantly i1orized medium tn the
terrestrial H-field precludes any afmple hydrostatic model 4t theee slti-
tudes since the original equattione of mrrion d n>t include forces ~ther

than gravitational.

*
GCA Tech Report No 7 in the serier (L ke published;
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Figure 3. Comparison of Temperature-Altitude Punctiona for Various Atmosphertc
Models (after Minzner at al)




The 1959 ARDC atmosphere has been partially substantiated by the
Russirans (Tables 1 and 2) and by the work of Jacchia (Pig. 4), King-
Hele, stc., if one ignores the latitude (auroral activity) and the
temporal varistions (solar bulge). Recogniszing the various limita-
tions, we include an abbreviated tabulation (Tadble 3) of the 1939 model
including density, temperature, particle speed, mean free path,

collision frequency, number density, and meen molecular weight.
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TABLE 1:

Height
km

225
230
238
260
23
230
253
260
263
270
273
280
1 H]
290
29
300
303
310
33
320
328
330
333
340
343
330
333
360
1 1)
370
373
Je0
3es
3%
393
400
405
410
415
420
425
430
433
460
445
450
435
460
465
470
475
480
485
490
495
500

Structural Parameters of the Atmosphere at Heights 225-300 Km
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4.7
0.7
5.
52.7
3.7
3.5
83.9
57.0
N1
8.2
60.3
4.5
62.8
6.0
63.2
66.7
6”01
69.3
70.9
1.4
73.9
75.2
6.7
78.9
19.7
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8s.1
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93.6
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98.6
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936
938
pol
946
952
938

91

979

97

996
1003
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1026
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1048
1059
1072
1084
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1110
1124
1136
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1169
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1276
1293
1308
1333
1333
13713
1393
1417

1465
1489
1514
1539
1563
1589
1614
1643
1675
1709
17458
1781
1810
1845
1880
1917
1953

.‘0
1.5
1.42
1.31
1.21
1.12
1.06
9.69.10°3
9.04
8.9
7.88
7.39
6.93
6.5%9
6.18
s.o:
5,51
3,26
4,96
4.7
“0‘7
4,28
4.07
3.08
3.72
3.%6
3.43
3.29
3.17
3.08
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TABLE 2. Values of the Deusity (In um-cm"l) at Vavioun Hefght s From Manomet oo

Rocket Data Drag Data
Containers 1087 e
and rochkets 1937 ay 193) 3
Mosn latituda 1957 & 1958 &
Height, of Buropean Viking-7 Astobeec-li 1957 0y 1938 8,
km ussR 33° x 1at, $9° N 1lat. (10,11) 1958  (19-29)
100 4+10°10 2.3.10°10 7:10°10
110 9,8:10°11 841011 1,3°10°10
120 2,2:10°1¢ 1,2.10°11 2.10°11 6.,9:10°11
130 7.4:10"12 3.3:10-12 ¢-10°12 3,01:10°11
140 3,2:10°12 1.2.10°12 3.30°12 1.49.10°11
150 1,6°10°12 6.6+10°13 2:10°12 8.07.20°12
160 9.8:30°13 6,3:10°13 1.3:3018 4,70010°12
170 6.,4:10°13 3.0°10°13 1.10°12 2.89:10°12
100 4.4°10°13 2,3:10°13 §:10°13 1.87:10°12
‘“ aes L Y] e e oee ‘0’.;.-1,
190 3.3:10°13 1.8:10-13 7.5:.10°13 1.29+10°12
"7 a 1 eee eew eve eve 7.'0”'13
200 2,7+10°13 1.,4¢10°13 7:10°13 (3+0.685 *10°13
201 & 4 aals ams e e 6.7+10°13
az ab sew wee T ses ’.’7!‘.’13
m t ‘ wee Y oe Y Y ’.‘01."’
2:0 2.0:10°13 1,1+10°13 (WO TER S 6,04:10°13
zl‘ # ‘ see see ene seew ‘...‘."’
22 1 - s s (4.44,8) 20°13
"’ see ewn eew eme ‘.’0"“’
220 1,8:10°13 9.0010-13  aee €3,5-3,7):30°12
2” sew ewe ese (2.’-‘.‘).‘0"’ esoe
¢ ] sew sew exe (3.‘.3,2).1““ [TY
230 1.28:10°18 3.32.10°13
'32 sew esw cew esee ‘.’o‘o"’
233 eone . aee a3 LA N ] 2'2.‘0.‘,
240 1.1.10°13 2,51.10°13
“‘ [ X X ] asee eoew [ X X ] '.’.‘0.‘2
250 9.10°14 cee (1.5-1,6)+10"13 (1.1-1,9):10°15
“o ..’olO"‘ ewe eew wsee l.’lo‘O"’
270 (9.4-10) . 10°14 1,19.10°13
27’ esa essw ewe msee ..’0‘0"‘
'.-o asa eae ese ese ’.".‘o"‘
290 (5.8-7,0).10°14 7.68.10-14
’w sse aaes eve =ea (s.‘.z’)o‘o.“
310 (3.8-4,7).10°14 3,16.10°14
320 4.29.10°14
330 (2.6-3,2)010°14 3.58.10° ¢
340 3,02:10°14
350 (1.8-2,2).10"14 (2.1-3).10°14
360 2,18:10°14
368 (1.4-1,3)°10°14 (1.4-1,9%)10°14
370 1.87.10°14
400 1,5:10°14
9,3:10°13
408 (ot 1013
430 (1.0-4,%) 1015
500 (2.3-6)+10"13
530 (2,2-4)+10°13
600 2.10-136.8.10-16
630 1.10°135,8.10-16
700 7.10°16
720 (1.2 £ 0.3)+10°16

Above notatfons are conventional designations of the satellites,
12




ALTITUDE ir km

) daytime
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-3 -12 -l -0
LOG Density In hg/m?

Ronge af possible Daylight and Nighttime denseltiee as com-
tod by Jacchla (Smithsunicn Special Repart No. 39) ve. altitude In km.,
comparison with the ARDC Model Atmosphere 1989,
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2.2 Jine Scrustuze of the Atmeapharic Density (Beculer Varjesions)

The attitude of the geophysicist during tha psst few ysarg toward
the subjaet of atwospharic density has been changing. The notion seemed
te be quite gensral smong the primary investigetors that the démeity
profile was an twntm sud as 8 cesult the comstruction of static at-
mmttc -um wes a popular pastime. m satelitte-irag dctl has Seen
iutm in demonstrating M the WSC density heas uu“cnblu
fine strusture sheve 100 i - MM and sesional mtm
uﬁlum“mmm. mrudum ace
tivity, ste, Thavefora say pertdcular ctatic medal is tneapedls of
apyrentmating the atmosphards density for all losatiens end tises. The
relation 0! mnm. drag o ocbital and atmospharic perametsrs has been
dorived by M investigators including Ring<Nele, Cook, snd’“mlhtr(')
snd Lo given approximately by

ot . GER Y [T e, g
.,g‘-(;.;og;g;)] &

vhere
A = otmespheric density et satellite perigee

H = atmospheric scale haight near satellite perigee (function
of temperature and molaculer weight).

cD a Arag coefficient
dP/dt = gsatellite acceleretion
m = mass of soetellite
A = effuctive cross section of satellite

18




F = factor to account for rotation of stmosphere
€ = orbital sccentricity

e = geai-major axie of orbit.

The diurnal cemponent had baen anticipated 4n the serly tnvestigations
on the upper atmesphere - at laast for altitudes sbove 90 xm. MNowever,
rothet observations wers too isolated to rasolve tie gquestion definitely.
(Indaad the Port Churchill flights (to 200 km) demonstreted s high
nﬁlnu (or deneity) which was tentatively interprated in terms of tem-
potal verietisme.) BEven the satellite date from 19570C and 198? ’
\”u perigea oscurred st sbout 200 hm failed to conclusively emhibic
the sppropriste correlations becsuss of the masking affect of very

ohort tavm parturbations due to solar Zlares and enhanced -.-.r.spée 26
tivity., The data derived from cho'u 1 end ite coerrier 1958 ’l and
g ) vith o pertges at 630 km also could not demonstrate the diurnel
density veriation duriang ite firet yeer sincc ite periges remainsd (n

the surlit portion for the entire period between leunch in March, 1958
until mid=April of 1959, However, eince 1959, the periges of this pair
80 well as the perigees of 195’9(1, 195»‘2. “”’1' 1999 ’2’ and 1980 Uz.

have made the treverss from eunlit portion to ths eerch'e ehedow and/or

vice verse. These letter eetellites have perigese between 80 «nd 6350 km
ond orbitel inclinations of from 32.9 to 51.) degrees. These inclinatione
therefore setablieh the regione within which the dreg data has fully
estebliched partizuler tempore]l varfations. A review of the drag dats

from eerlier esatellites with lower perigee altitudes indicates that there



was A minor sffect - a density variation dependent upon tha G8P angle (n
vhich the magnitude of the variation appeared to decreese vwith decresaing

periges altitude until the effect disappeared around 200 k.

Ascerding to ordital theety, low altituds satellites orbiting in
an atmosphere whosa density 4s a function of eltitude but not time would
oxhibit a pariod with a systematic decreasa (decraassing altitude of perigee)
wvhich depands only upen tha inveriamt demsity-sltitude raletion. Vor
such a situation, the rete of changs of the othital period weuld remain
sssentislly comstant for leng parieds over the small rangs in periges
sititude, ‘

~ The Wearved drag date clearly shoved thet the large veriations in
the 2a0e of change of the orbitel period were correlated wish a pessage
of the sstellite from sunlit to derk ragien (or vise verss).

Nowsver, & move careful anamination of the data shoved that even
during the time when tha periges contimued to remsin in aither a suniit
or & dork ragion of the atmasphere, the rate ¢f changs of the period
appeared to be invercaly related te the angular distaidce of perigee from
the earth's sub-selar point. This angle is referred to es the geccentric-
sun-perigee angle (GOP) and, of course shows a diurnal and seesonal veria-

tion to & fixed terrestrial observer.

Jccchtc(s) has examined the varietions in atmospheric density end

observed in addition to the lerge diurnal effect the atmospheric bulge
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which occurs in the general vicinity of the sub-soler pcint but perhaps

deleyed two hours due to the eerth's retetion):

a) on erretic fluctuation with ¢ mein component defined by e 27 dey
petied enceliently correlated with tha obssrved selar flux et 10 wnd
30 ou vevelengths. Beiow 200 km, the flubtuations are smali end inm-
deponidont of the G3P. At hedghts sbove 200 Wm, the fluctuations ere
Louge 1n the eubsolar buige but rematn susll fa She esveh's shedew.

B transient {ncrcesse in ¥ density of tha entive atmosphere
owe sush wvents in vhich the perturbation ves in phase vith the mazastie

26 sust ba potnted eut mmmm“m
satslittecdrag-derived date in which the obssrvable involves the preduct
of the density and the square voet of the sasie huight. Binee the letter
40 ¢ function of tempereturs and since temperature and perticulerly the
dlotriducion cf perticle energies is unknown, the density meesurements
may be subject to some further ambiguity.

Juohu(” hes vorked out en empiricel formuletion of the expression
,l~ in terms of the geometric height, the 20 om soler flux ('20) end the

enguler distence from the center of the diurnal bulge, vis.,

AH g (1 [1 + 0108 (wxp (0.006 2) - z) cos® (Wz)]

(2)
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Comparison of this relation with the obssrved beshavior of the satellites
1s given in fig. 3, and the diuznal bulge as a function of altizude in
fig. 6.
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i

Pigure 6.

Heights of Burfaces of Bqual Density above a Great Circle M;ou the
Diurmal Bulge, Computed for s 20 om Solar Plux of 200 x 10°22 wace/em?

aycles/sec. The value of lovuoruuponung to each curve is shown
(after Jacohia).
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2.3 juroxe) Zones (latituds varistion)

In addition to the diurngl bulge eseocieted with solar electromag-
netic redistion, Jecchie has noted apparent reletionship between the
observed atmespharic density smd the sale> corpuscular flux (the soler
“wind"). BSiwce this stream ia prodéminantly loniasd, corpussies tend to
ba confined to the field lmr,a{ enter the lower stmespheave prefeven-
tislly ia the auroral semes. Indeed, 88 meationad previeusly, pressuss
measurements at eltitudes near 200 km cver Pert w»: were wech
grester than thess massured over lower latitudes. The messursments
refer to different phases of the solar eycle, but it vas suggested
ammmmwmmnmmum to
surercl particles. A consequense of this concept invéives th offect
of auroral ectivity on tha thermsbelence of the atmvephete (first com-
stdaved by Bates®) Durtng o strong eve, the photen flux of the firet
negative system of nitrogen is sbeut S x 10 on? see”! (,'wt‘7’:).
vhich, using the eppropriete (roes sections, corresponds to an iemisation

flux of sbout 10'? ca"? sec™!. The aseecteted thermal energy transferced

14 2 jec’l. The eltitude

to the stmosphere will be of the order 10" ev om
distribution of the best source will have much the same shape es the
luminosity curve 80 that the energy will be depositsd in the region
neer 103 km for the majority of aurores. The mean thermel energy sup-
plied by ionising redietion to the region ebove the bese of the rl layer

10 2

1s ot leost 1 x 100 ov cn"? sec”! (Rates ™). Although the heeting

associeted with visible auroras cannot he significant within the content

25




of the oversll thermobalence of the atmocsphere (lntno(‘)). aﬁproctcbln

lecel heeiing mey occur. If we adopt 10 km for the verticsl axtent of

3 1

4 etrong arc, the essociated heat cource ie abeut 10. ov on " sec ',

which for & nuaber density of 4 x 10°% cu'? yhelde o sove of gatn of

5 ov see’l. e temparatuse

rise 1s tharafore ebout 3°K par minute. 1In seme sureras the luminostty
distridution ie greatly extended in altitude (iua..“) Hereng and

thovmal energy per perticle of sbout 2 x 10"

Mole.um) and ¢ repid rise in tempereturs may gecur &t the upper

levsls. The rise will be lisited by sir metious and by heat semdustive.

veakiten, ¥oTivein and Ludvig'h) end Neassoveryd® nave drew

‘steontion to the possidility that stmsepheris hestiag sty be eouasd by

pacticles from the Ves Allen radistion belts, Agatsi, as Saces’!®) ney
vemacked the contribution cemot be of major importence te the heat
sconomy cf the atmosphere. According to Bates, the required energy
fiow 4o & x 10 ! vheress Desster end Veotine''® suggest
on upper limic of 6 x 10

ergs sdc
a° erge for the energy content of the radietion

telts. A very short turnover time would therefore be mecessary.

The poseibility thet the trapped perticlee cause heating in the

(13,10)

suroral sones has been discussed by Jastrow Ne supposes that

the heat source arising from tha particles cen be written in the form

Q-FYEN ®

vhere F 1o the flux of energetic electrens, U’ is the inelestic cross

section, K 1s the mean energy traneferred per collision and W\ 418 the
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(16)

sctaospheric nusber dansity. PFc- electrons of 10 keV, Jastrow takes
Ve 10'“ .‘2 and B = 20 ev, utrn”nun; to an effective heet
teansfor cress section of 2 x 10 ” cn .

The significance of these values is not eatitely clesr. The
prinsry mechanisn of heat trunefer is that of momentusm transfer during
& oolkision and the wean enezgy tramsferrad per colifsion by & 10 kav
olectron 1o about 0.5 ev. The assecisted eress sestion te wﬁu
ts probibly of the evder of 10°38 . o1 ' oa® giving a pﬂnry heat
mmmmumsno"uu’. The primary cone
tribution i however nagligible compared to that arising frem sesendery
 slectrons. Thus ohe stepping arvss seetion nulmu with excitation
wt sontuntion 10 & x 1070 ov oo? O 0 4 tesge trastten of ene
vaﬂluktwulyh mmm ansrgy
(threugh such mychanisms as diract elastic nntcm d the secondaries
end recombinetion precesses). Assecisted with the hulum
tonteation end excitation ocsur with effective aress sections (ine 3
cluding the seecndary processss) of sbewt 3 x 10°37 cud. The coteviesson
of the distribution of energy depesition in the atsesphare by the trapped
slectrons presents & very difficult problem deceuse of 3he importance of
multiple scattering of the primary and secondary electrens, dut the
heating distridbutien should be similar to the luminosity distribution.

In his computations, Jastrow hés adopted an anergy flux of 4000 erg

om uc'1 of electrons with energies above 10 kav et en altitude of 300

km. He sssumes that the flux {s inversely proportional to the ambient
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density up to altitudes renging frem 400 to 600 km and deduzcs thet the
temperuture in the swreral sese will vise to about 2S00°R, Newsver, his
sseumad flux would also give rise te an eleetren preduceion rote of
x 10* o0 geet i to o photen predustion vete of st iemst 1ol

qumee por o’ ootues par sae.

3t way b comathed chot Nasting by fash pactiele eeilistens io-
mmmnmmmmummwu
thet 4n order te obbadn hekting without luminesity it 68 medeesd ‘
, M‘““meﬂm

u u WM Daa sugperisd €At hestisg by ¥ 2
___i__mﬁpﬂmmmnm
stien (sse S13. 7 ad. takle 4) fe nepligtile.

SABLE 4. The Adepted Aupliicude 8t 300 hm abowe the Auvetel Sewme,
Q.au T in the Pl-region and Q ot O »

'nuuny Peried | K Q e Q ]
W | | @ | eetten & (orgs/ea? se0) ;_;
73-Region 90 ¥ \ ;
1 1 1 10°10 0,21 (200 hm) | 2.00 x 120°82 '4
0.1 10 10 1,40 x 10°10 0.0 (200 km) | 1.1 x 1014
0.03 100. | 3.6 2.30 x 10°10 1,16 (190 km) | 2.10 x 10°13
]
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THMET o

2.6 Neatral Cemeoaisin

Doth newtral and fonfc cqpcticmm to o large exten: updn
dirast poreurdation of tho regien by selur canpuscles (photoms, electrome,
and propenc) SBE o8 the mesraseopic metiend such e stwospheric sivewie-
tien, vavtissl dvify, diffosies, dnd minieg, Tor, thers extet qUASe
-ms-mun&mwmumam

mncumm m#s%dﬁ%

.mmmmqu*m
particle-partisle Smtersctions. m.ﬂumww#m :
“0

Iaspsstion of the literaturs on the subject of nuber densitiss
revesls & considerable lack of integratien. 1In Teble §, the vesults of
Wisolee and Betes ) are given. Thees sre deymten demeities, yot thetr
totels agres very well with the mesn demsity as given by Minsner (1999
ARDC Atmosphers). 1In view of the excellent work of .ﬁuhu oend the rale-
tion of this werk to the delinearion of the proper use of the Ninsner medel
as & meen of day end night-time values, ths Teble requires considerable
modification. A simple modifioation appliceble to mid-day conditions (s

to retain the same relative densfties, dut to increass them dy the factors
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vhich ere charscteristic of the deviations between the Minsner and
Jacehia models. Such a procedure was employed by Watanadbe in generating
Tabis 20. Wumber densities et aight would require more fundamental
ehanges Seosude of the redical decresse {n the solst perturbation.

Pigure O ts a plo: combintng the Bates end Nieolet results with
sche results given by ntlhr.“') Ths latter are to be considerad

even more tentative.

The &m&u variattons in conposition msy well be enemplified
ta ‘the onone wontent. Figure 9 and 10 give some ides of the seope
of thess varistions.
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2 5 Positive lon Composition

The presant atatus of the ton composition is similer to that of
nsutral composition - too few measuraments have besn mads to datas, and
the composition may vary considerebly with suroral or rolar flare

sctivity.

Prom rocket flights conducted in the United Btates, the follewing
sositive tens heve beon tdencafied (HF, 0%, m.0%, 0%, w*, 0.h). 1nehe
Bevegion the results of the Fort Churchill flighte (fig. 11) indicate that
'“*,;Ii*. and o* dominste the ion mese spectrum, censtituting about $7%
4'! th totel. (fee Pigurs 12 aleo)

The mest etriking featurs of the ion densities in the region of 100
to 130 Ww {s the preponderance of the 0¥ (demetty of the order of
Ix 105/633).. Other charecteristics to be enplained sre the deficiency of
W," and 6%, ond the spparent daurnal effect (the retio of the two dom-
iaent ione n (I'O*)/a (02*) ie lerger during the dey). Thie diurral
effect muet be coneidersd temtative in view of the poesible contribu-
tions of ssesonal end eurorsl effect (the messuremente being made in
different seseone). A detailad analyeis of the problem of ton compoet-
tion must taks into coneideretion the neutral compoeition; the incident
soler spectrum, the photo-ionisetion cross sectione, the microscopic
interactions of diesocistiva recombination, associetive attachment,
charge axchonge, and atom-1on or stom:etom exchange, end parhaps the
macroscopic processes of mixing and diffusion. Such en fnvastigation s

bayond ths scope of this work.
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We shall take a quick look at the region of 100 km wheis .tynical

dansities are:

a0 = 2x10° e ni = 3x10° em”’
noedn
n(h) = 6x20'% on a0hH = 3x10°
n(0,) = 1x10? "
: n(o )
n@) = 7xi0dt Pl T 0.5
n(!o ) night

n0) = 2x10° en?
: n (I2 ) & 10° on®d

Bates hins suggested that fon-etom-exchangs msy be & controlling
faoter. mmuofmwtmnyhﬁwuw’u3 lu*
e the Wt of sctivation snergy probably ntuu Iu figure for
mbisac stmospheric conditions to the ordar of 10 i ® n ] 1. L0
sonsddecing the essentiel property of exothermicity of the rssctions,
enly the greund state of the rescting species can reslistically be
coneidered. An inspestion of the possible resctions (exothermicity
but not rates) cen be made with the sid of tha potential well diagrams.
Tor example, among the following reactions (4) and (3) sve permissible,
but reaction (6) 1is exothetmic only when for readtants in particuler

slevated states.
) 40t ¥ Wy > W' EH +0l) +39 0w, @
ED + G W@ EH e M r0 w9

N, (x’z*)m( P> CEN + 0% - 1.7 . (6)
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One cen obtein some idae of the role of these reections by comparing

t (1]

them with sey dissocietive recombinetion. The rate of (o; ¢+ 9~=P0 +0)
is of the order of 10" en3 s'l. cmuiqumtly, the rate of production of

0 ot 100 Wm by thie méthod de:
a0 0 298" oY 6 x10? e 4 o
Reastione (4) IW‘ m r"tMuwi figure for production nll-!lo'ii and- 0 se
@ ro’)%&’) S

i & »' 2210 en

!

Vhile resstien (3) for produstion of W0¥ and W yielde

o % 108 tx 10hae™ o exret et

Téenticel rate cesfficients ete taken for the ien-atew imterehenge
resctions since the sstivatiom energy of the cmliu‘ ;(,! -0 - O)"' and
(- % - 0" are untmewn and nesther complex uﬂuuﬁgiu obvious steric
hindrance. Although thess retee cin only be considered as tentative,
the values arrived st do point cut She probable importence of these

reastions.

In the FP-region, both the US and the Rusaian recket-borne masse
spectrometers have identified 0"' s *he dominant positive ion. The
retios of populations of Il"' te 0* are given in table 7 for eltitudes
of 150 to 00 k.
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2.6 Ueasiive Zeu ComeesiSicn

Ons might énticipate on the basis of the pudlished cross sections
and mechanisms of electron attachment that the predominant negative
fons enisting in the D and £ regions at night will be oz‘ and 0. 1In
the daytime, phats-detachment would be very sffective in desiroying
thess negetive iom spscies. In epite of this, the only direct observa-
tion (Tabie §) on ﬂlﬂh tons m nh during & day flight; (ne negative
m nn m t‘ the night ﬂm).

e .
Ny e “w N
0, 9% .1 3 1.6
1 " 0.2
J 22 1.0
o 1.465 16 0.7

1f the fect that the probe detected negative fons only in tha »day
flighte cun be attributad to some space charge accumslated by the

carriet and not a perturbation of the anviromment, the massurement of

s completely predominent negative ion specis as noz' appesrs to have

some basie of validscy.
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would be o rapid day tise process at 1C0 km and sbove., The vercicsl
detachment anergy of O {e known to ba of the sems order (1.465 av),

and bacause of {te high alsctron affinity, exothermic charge transfer

to another common stmospheric spacie is {nprebadla, 02' can ba con-
sumed with much grestar aass if its vertiesl deteshment enorgy is ec-
tuslly 0.15 ev (this velua may refer to photo-detachment from the

4 :2. state). 0{ sleo participates in atom-ion and charge exchenge
(03" 4 0~80" 4.0, 4 .5 ov) - the rate betag of tie order of 10" 2ends 8,
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3. lonogphere

In discuseing the tonisation in the etmosphere, it is convenient
to divide the first 1000 km of the atmosphers into two regions, with
the altitude of demarcation orbit roughly sed at 00 k. (This f»
slightly lower than the boundery set by the competitive processes of
alxing and diffusion (see Pigure 1 .)) 7The upper region is shtrecter-
ised by the presence of free slectrons which makes it susceptible to
tavestigation by radio-frequency sounding while at the lower altituded
negative ions formed from attashment of alestwsns to moleculsr ouygen
predominate. The regions may also be differencistod on the baste of
tonining agent. The lower region ie prineigsily idonised by cossde
rays viereas the sormel ionosphere s the result of photoionisstion
by solav electromsgaetic radiation at ensrgies equivalent to and less k
than Lymn-O0 . Since the sources of ionisstiou aze distinet, the

two regions aleo differ in temporal and spatial variations (doth
regulat and abnormal). ]

3.1 Atmospharic Pavamsters (0-60 km) ]
3.1.1 1lon Bquilibrium in the Atmosphere

The concentratisn of ions in thisregion of the stmosphere is

determined by an equilibrium between processes creating ions and those

removing them.

The four basic equations for small {ons {(positive 0 nagative “2)

4“9
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and large ions (positive Nl' negative Nz) are

dn
Y =q- nyn, - Pu“l“z . Pm“l"o (8)
dn
-&3 «q- o nn, - 21:\2!1 . on"z'o ("
dn
®° Pt Pty - U, =

w/

where q is the rate of produstion of small iens

R ST VR LA asn

ol is the recombination coefficient for small loms
the p 's are the attachment cosfficients betwesn smsll ions and nuclet
¥ 1o the combination cosfficient for lsrge ions

lo is the concentration of uncharged nueclei.

Unless the analysis is concerned specifiecally with the ratios
ulln2 and lllllz, it 1s usual not to distinguish the signs of the iems,
and n is used for smll ione (of each eign) and N for large ions (of
each sign). This Also implies the assumption that ,12 - ’21 and

’10 - ’“. Pinally, it is generally assumed that ¥ 1s small

enough that the term ¥ N1N2 can be neglected. The four equacions
then reduce to

'je"l'“"z"u““‘ Pm“'o (12)
ﬁ'ﬂm""o'launu it

Under equilibrium conditiona this last equation gives the ratio

of charged to uncharged nuclei
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g Pool Py —

which may be used to determine the total nucleuvs concentration dy mea-

suring the concentration of large ions. The smsll ion equilibrium

equation becomes

2
qe o q +2Pual (1%)

Thie formuls 'ms been verified in Lhe atmosphers. In Teble
9 representative values of these rslevant quantities are given for an
altitude of . km for & nom-industrial region over land, for a mid-
ocean avea end for the ideslissd sase of no nusled, probadly typieal
of polar regions at this altitude.

TARSE 9: Averags Properties at 1000 n
.l* ™ N.O"'.-L&";’_ 1 tgm ?nn"nc" ‘aﬂ:u"' T
Land [1.29 x 107 40 |50 Ja2xua® 3.2 x 10°¢ 0.8
Ocean [1.08 x 10°% | 460 nw e weé | ssx0t 2.0
No nue
clet (2.4 x 1074 10%0 e | - 1.8

1

3.1.2 Exchange laysr

The region of the atmosphere from the ground up to a few km 1s
characterised by a conductivity smaller than that deduced from cosmic
ray measurements. The upper limit of the region is often sharply

defined and varies with meteorological conditions from 1000 to 10,000

fest with an average of 6000 feet.

52




In this region the #ontution vate is augmented by terrestrial
sources and the rate of destruction of smull ions increased due o
combination with charged and uncharged Aithen nuclei. The nat resuit
is & reduction in the concentratisn of smail ione to 20 to 30 per eent
of the value ecomputad from coseie ray fenication, the lower values
baing found near sourses of atecspheric pollution,

Whezeos above the anchange layer the atmsspheric conductivity
shows negligidle varistion with tims, & iarge variation is found within
the layer. The relesse of nuclei inte the stmesphere snd the turbulent
and convestive mining in the enclwngs m 611 ohow & marked 44urnel
variation vhich results in a corresponding variation of condustivity.
There is, in sdditioa to this more of less reguler chenge, an irreguler
vardation in condusiivity corrsdponding to airemsss changes. :

3.1.3 Smll lon Censentration

Above the enshange layer end wp to a height of about 60 kn, the
concentration of amall ione 40 found to be given dy

¢ = of n? (1)

wvhere q 1s the rate of produstion by cormic rays and ¢ is the recombin-
ation coefficient for emall iome. 8ince q is & function of geomagnetic
latitude as well as height, the variation of n with height 14 aleo @
function of geomagnetic latitude. Values of n comprted for the four

geomagnetic latitudes 3°. 3l°. 51° and 60° are shown in Figure 13,
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Below about 3 ka the occurrence of Aftken nuclei and terrestrisl sources

of radiosctive fonisation raduce the conduativity below the values

given,
$.3:4 Rescubinition Cesfltedont for fasil lone

ﬁ- recombination soefficient for smail dene in &ir &s a functien
MWMWQ. Over tha pressure range 760 wm Vg down
“t0 30" a8 Mg (0 to 75 bm altttude) the cosffletent fo satisfesterily
given by Thompsen's expressiont

ﬂ «1.73 u“(ﬁ;” Il ) ¢ (w) | an

mihﬁwﬂlﬁmhww
N £o the mesn molesular weight of the tene

x it g 6 (YY)

in wvhich ? (o the pressure (-n)mnAnum.muumuu
ssen fres path of 2 =olesule to that of en fou, and the funetion

!(u)-l-"; [1-(!41) 0"]3 (10) f
o :

te given in Table 10. 1

Values of O , aseuming M = 85 a.m.u. and L,/L = 3, for the

1939 ARBC Model atwosphere are given in FPigure 14 for the range O to
00 km. The sea level value for this model s OC = 1,60 x 10" cu’ucd

Jor heights greater than 30 km, the function f (x) may de !
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closely appronismmted by £ (%) = & x/3 [x < 0.033
and the formula for o basomes

o £ 2135 7/3 .,
o = o x 0t () () Gonw] o»
3.1.5  Sricerd's Formslae for Attachesnt Gestefotente’t

Four atcachmant cosfficients are umuu hnvm
f"mmm mﬂ“mfmw

"5, betveen negative bamil tons #ud weelet. WM“-
’;'mpemmma mmmﬁt vaw

The nhﬂm given by

(a0 :
. A , i |
Pu “up.» Py “tge

m:(n.n-["‘! E‘(l m)]

and D' and D" are the diffusion coefficients of positive and negative

small fone:

@ e o [26) ]e

(21) |
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whers P is pressurs in wm Ng and T 4is tie sbsolute temperaiure and a {o

the radius of the nucled.

) = *k'/0's stipts (6,38 x 10°%/a) (200/1) an

whers &' and K" are the mebiiisies of pesitive and negative sasil fons
and ¢ 4o the elestronic sharge. '

In tha practical application to fon squilidbeiua in thy stame-
phere, 1t 12 uousl to aseuns D' = D" and B' @ B, In this ohee tW
nﬂﬁci&n are W:

Paa (= Pggd 100 arcachison of sasli tone with large tone
of sppestte wiga (p = «1), and

P o (= Pyg tor attacheest of emil toms with uacharged
nuelei (p = 9),

Thus
P,- s e an |

p ALl
1030 0 .

whate D 4o the wean of D' and D". Values of I as ¢ funetion of Q ore

given in Figure 13 for integral values of p between -4 end +3, The
variation of P 1g o4 ’ 10 Yith sise 1s shown in Pigure 16 for ses
lavel (P = 760 wm Hg; T = 200°K) end 10,000 £t (? = 523 mm Hg; T = 268°K).
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$.1.6 lonic Mobility

(a) BSwall Ions. The mobility of smell ioms at room temperatute
(206°K) and 760 vm Ng ave

K, o 14 watoent vem't

1

kR =1, n:m' vote"?

The mobility 4s iaversely proportiomal to density; hence, the
value at any height may be essily computed using the faster ( P/ /.)
given in the ARDC 1959 Wedel Atmosphare (see Pigure 17and Tadle 3).

(b) Lezge lons. The mebility of large ions in the loimst few

kn of the atmosphere i adeguataly - given by the Stokes-Niliiken
relation:

kme/(6W QW (24)

where & is the elestronic charge
!3 is ths viscosity of eir
a 48 the radiue of the ion.
The atmospheric large ione are assumed to bs singly charged. Values

typical of conditions over land and ocean are

(a) £ (k) .
Land 2 %10 cm 0.0024 c:nzua'1 volt.
Ocean 8 x 10.6cu 0.0006 cmzucz'1 volt~}
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3.1.7 Blectricel Cenductivity
The oonductivity due 20 fons of wmobility k‘ ie

- 2
k* niok* (23)

whers qt is the concentration of iens ard ¢ their chargs. 1In the
stmosphere the eontridution due to large fens ie neglipible and only
il tons ave aormaily consideved.

uq-.m-nna»m*m-mn
cenductivity ». siuly dedermined by the mebility whieh varies imvevess
ly as density. Nence the eonductivity insresses rapidly Mw s
the atussphore 8o shown in Pigura 18. The total condustivity ), 48
plotted where

A= Aot X =ne(e +r) ()
3.2 The D-Region

The D-region (epproximately 60 to 85 km) has electron-ion
pair production processes vhich ere to some extent distingt from thgc
charecteristic of the main ionosphere. The region is of partiecular
interest for, because of its relatively high eleetron collision
frequencies, it is the seat of ebsorption or even blackout of ionospher-
fcally propagated redio waves. Soler rediation reaching this eltituds
regime (see Pigure 19) is basically limited to X-rays below 10 A,

Lyman- o¢ (k 1215.7); and photons with wavelengths greater than 1800 A.
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In eddition to !.ynm-d there is some contribution of photons with energies
lying betwesn the Ktumann-Runge teande of 03 (1800-2000 A) end in the
narrow atmreyhorde windows at A 1216, A 1107, A 1167, A 1187, A 1143,
and A 1108, Tor the lacter individual wevelangths, unit optieal

dopth of 1080 motseuies on"? column™l 1o nerwsily ettatned for verticsl
incidence at abeut an sltitude of 75 kn.

Whersas the aceapted solar flux in the 10 tc 1000 A range hae
beon redically medified by the recent observation of !'nuv(a° and
of li.wu”. the three spectral arese which are the principal
sources of the Deregion as reported by Nicolet and -AM‘“’ have
rempined assentinlly unaltersd. Therafore the accepted dymamics (out-
side of some reservetions in regard to composition), is still very
nearly that givea by thass investigators. The fellowing drief summary
of their materisl 1s ineluded for completeness ol presentation.

3.2.1 Composition

X-rays are capable of ionizing all the atmospheric species
(wostly molecular nitrogen and oxygen at thess altitudes); but Lyman-
alpha can only ionise nitric oxide, and 7\ 1800 the low comcentration
metallic etoms of sodium and celcium. Therefore, the composition of
the '"trace" substances ere particulerly important to the dynamice of
the ionisation. |

Teble 11 is Nicolet's version of the height veriations of the

particle densities of the main etmospheric constituents between 50 end
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90 km. Also included are the abscluts temperatures and the total
number of particles in a cnz column [n(n)ﬁ] . The total densities
l]icc ressonably well with those quoted previously. 1In regard to the
W concentration which {s important in ionisation by Lyman-&( , the
concentration is prodbably too low to be messured reliably. Nicolet
has obtained an estimae of ths cencentration by inspection of the
production and dissipation processes involved. From the dass of
Ristiakowsky and ntu(”). the rate coefficient of the reaction (N ¢
Oget M0 + 0) 40 1.3 x 10713 4 oup (-6200/RT) and the rate of the probadle
déaeipative reaction of WO (as suggested by Wicolet, N + n-olz + 0)
fs1.92 i.'ltli. Therefore, the WO concentration is determined by
the relatien:

") = 20°2 n (0,) emp (-6200/2T) (27)
with the provise "that the number of nitrogen etoms ere sufficiently
numerous”. The condition, of course, points up the tentative nature
of the analysis.

3.2.2 lonisation

Nicolet and Atk.a‘z" discuss some acpects of the ionisation
mechenisme whinh contribute to the D-layer formation outside of the
auroral sones where solar protons and electrons can be the controlling
feature. The details of energy deposition of cosmic rays and solar

corpuscles are discusssd in Cosmic Rays end 0.omn.nctium(26)

(27)

end in

Energy Loss ?rocesses of Soiar Corpuscles i{n Ailr , both
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by Nawrock{ and Paps, Nicolet and Aitken give the following rough
estimate of the geomagnetic latitude effect. Tha ionization rate ‘cos-
mic rays) at altitudes above 40 km is related to the geomagnetic
latitude @ by

) -q (@) g-:ll on Jeee? (28

vhere no 1s taken to be 2.5 x 10!° cu”. and n is the molecular concen-
tration at the altitude (s). Por a representativs case, thesea investi-
geters conclude that there is a factor of approximately 10 in going
from the magnetic equator ( & = 0°) to the magnetic latitude ¢ = 60°.
Their further assertion that the slectron density varies ae qh cannot be
considered realistic in vievw of the preponderance of 3-body attachment
(e + 202) 66 & lose mechaniom at these altitudes. PFor such & dissipe-
tive machaniem, the electron deneity varies linearly wita the production
rate. Thie feature fs borne out gualitatively in FPigure 20 giving the

varistion with altitude for the ratio of negative ione to electrone

The X-ray contribution to the ionisation rate is given by
Q=1 n "1 ) where I 1o the solar intensity and O3 the
cross section for ionisation, both at the wavelength ). . The mechan-
iome for ionisation, predominately photoelectric and Klein-Nishim
sffects, (cross sections calculated by Dalgarno) are discuseed at some
length by Nawrocki et 11(27bt particular interest are the data gathered
from tha litarature by Nicolet and Aiken for the variation of the

ionisation parameters with solar activity. Tables 12 and 13 give the
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Pigure 20. Variation of A and 1 + A with Altitude (after Nicolet and Aiken)
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variation in X-ray intensities (I) end the ionisation coefficiente (I XVL )

witit solex Activity end'et sero optical depth,

Nicolet's :suggestion soncerning the possibility of the phote-
tonisatdion of MO as & contributor to the icaisstion of the Dszegion
was placed on a quantitative basie by the photo~ienisation emperiments
of Vatansbe and Marwo. Vatensbe reported that at Lymssn- 9 , WO

had an absorption sross sectien of 2.4 x 10710 en? and en sentsatien

¢roed seetion of 2 » 10°18 on?, Thae Lymsa- 0l could panstrate to
the sltitudes of the Deregion wee demenstreted by the messuresant of
Watansbe ot 4l vho obtained the adssrption cross sestion of melecular
oxygen as 1 x ﬂ" a’. It vemained for Nicolet to caloulate the
coneentration of O and relate this to the Lyman- of flux of 3 ergs

2 1

en"? o0 " weasured-dy Rense.

The ionisation rates for the various radiations were coiputed
by Nicolet and Aiken eccording to

TR, .a?[-z n R mx] (29)

vhere the j subscript refers to the jth constituent, Ij is the ionisa-

tion rete coefficient corresponding to sero optical depth and the ex-

ponent refers to the unabsorbed frastion. 1In other words this term
corresponds to the optical depth ’YX for an overhead sun multiplied by
the soler senith distance )}, . The optical depths for Lyman- X

and X-rays are given by i
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(Y

'; =n (0,) K, (0) ¥ (30
Y ]

Tae atm x, 00 0

where Ky, is the shsorptien crose esction. The umit optieal depths for
an ovarhbad sun for x sud Lymsa-p( vadiations sre:
W) 2 . 6 121¢
Altitude (km) 70 80 L 78

The convantionsl equation of ionisation below 80 xm is given
by Nicolet and Aiken as

2 i
vhere q’ denotes the electron production rate for the j specie, c(.
represent the effective recombinance between positive ions and elestrons
end A the ratio of negative ions to slectrons. Assuming that processes
dealing with actachment and detachment of electrons are rapid then
dN /dc = 0 so that

dn r ¥ ol 2
J L 4 -
13 ITH N o .

This then represents a practical equation for calculating the variation
of the electron concentration. Teble 14 and Figures 21 and 22 give

the calculations of Nicole. and Aiken for the expression (n*n.) pro-
duced by the three sources st altitudes of 60, 70, and 80 km, the
variation of electron density with solar genith angls, and the variation

of the slectron density with solar sctivity, respectively. Figure 23
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80 X 100 X i¥

79 X 108
TAX100 38X 100 7.0 X 10

154 X 100 em=* = (1 4 A)mg?

&m Bixle T

6O X100 80X 100
1.8 X 109
4 X100 34X 18X IO

18 X 100em=* = (1 4+ AJn,?

Table 14 (after Nicolet and Aiken)
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tance when Equilibrium Conditions ars Considered (after Nicolet and Aiken)
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gives some estimate of the effect of auroral particles on tha ionisation

in the D-region for magnetic latitudes grester than 60°.
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3.9 Sbadhand 7 Msicn

The two compating theories for the formstien of the B ragion ere:
(A) photoionination of 0Oy,

0, + WV (900-10270<0, +¢ (33)

as propesed by Wulf end Seming?®) end medtfied by Wicolet(®),

(3) gonerel iomimation of air by soft X-reys (10-100 A) suggssted dy
Vogard(20) snd wutbure(21)(n 1938, Subsequently, memy tavestigaters (Ref.
'33-h1) have medes studies to detsrmine the deminating precese; however,
these studies were bassd on rather incomplets data and often on

insorrect asovaptiens suech su dlackbody soler spectrum. Most imves-
tigators4?) ggem to faver the X-ray theory on the basis of ixtenetty
msasurements by Byrem, Chubd, and Priedmen(®3:23); while Watenabe,

Marso, end kouun(’” have given reasons for not rejesting the

molacular exygen theory.

Watanabe 's study differs from sarlisr work in that a flux (0.6
erg on-dsee”? or about 2.8x10%° photons em"2sec”l) tn the regon

800-1027 A is much higher than pravious estimates (less than 0,001
erg c-'auc'l by Byram .:g n(”)cnd about 0,01 by Mym(“). The
higher flux is still about one-half of Hinteregger's vnl\u(”) at
210 km. Por the soft X-ray region, 10-100 A, the value observed by
Byranm gt n“”vu used.

* Section 3.3 through 3.36 were taken from GCA Tech. Report 60-3-N
prepared for NASA '
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1f cthe selected intensities are spproximately correct, soft X-rays
contribute less than 5% to the total ionisation rete in the B region,
Thus the production of the normal B leyer is apparently due to photo-
ionisation of Oz by the setion of ultraviolet radistion in the remge
800-1027 A. Some 0% ions ave formed in the upper B region by
radiation in the spectral regieon 800-911 A which includes the etrong
Lysan centinuum of hydrogen.

During the tims of flaves, the Xeray intensities may be enhanced
considerably end may make & greater comtribution to the B regiom
slectron damsity. 1In fact assording to Iu“-u(“) Xeray iatensities
as high as 1.0 arg cn"%eec"! have been observed. MNowever, in viev
of the d1ffleulty in the interpretetion of photon counter data(4d), ¢
sedms desirable te further stuidy this epuctral region with mencchrom-

ators.

According to Wicolet and mu‘“’m dissociative recembination
rates for W,* 1s 3n10°7 owdsec! and for 0z, m10"" ewdeecl. 1¢ these
rates sre approximately correct, the effaectivensss of X.ray ionisation

is reduced because the slower reaction
°2+ + e ‘d + 0“
will tend to control the electron deneity in the lowsr E region.

As the eltitude incressas, the reletive amount of o* {on increeses,
additional amount of radietion in the region below 911 A becoming

available. FPFollowing Batn(“), the recombination of 0% ion may be

8l




largely controlled by the reactions
0 *+0,-40,* +0 (34)
o‘; +e=p0' + 0" (3%)

vhere Bq. (34) tends to Decome the vate limiting process; on the other
hand ¥," recombinus reptdly by dissoststive recombimetion.

The Watznebe eomputations shew that the bass of the B region ie
controlled mainly by Lyman-beta and partly by other radistion in the
opectral vegion 1000-1027 A where Ny is very transpsvent. For example,
in the ease of Z = 0°, Lymen beta contributes sbeut $OR of the total
foninstion rete st 100 km and sbout 70% et 105 km, eo thet the slectren
deneity curve in the region 95-105 km should elesely approximate an
ideal Chepman curve. Above this region there is increassing super-
position of Chapman-type curves due to seversl prominent emission
l1ines in the spectral region 900-1000 A. The results for the lower
R region appear to be in harmony with the description by Ratclitfe
end ﬂubu(“)s "The shape of the layer and the way in which its
height veries through the day are roughly what would be expected
for an equilibrium Chapman layer found in an acmosphere of scale
height 8 km, with its pesk at & level of 105 km for vertically

incident {onising radiation',

3.3.1 jgplar Flux and Photoionigation Crose fections

The recent advances (by means of rockets and satellites) in the

measurements of the parameters of the upper atmosphere permit a more
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deteiled and quentitative study of the photoionisation rates than was
previously possible. Nicolet end Atkin(24) hed accompiished this in
the D ragion where the critical spectral ranges are 1100-1340 |
Calculations of the ion production rates depend upon thres basic data
the solar ultraviolet flux, the composition of the atmosphers, and the
cross sectione of the various resctions (macroseopic motion such as
vertical drift ere tentatively neglected). Teble 13 gives reduced
versions of the solur flux (n.o daduced from the meesurement of Tousey(22)
ond Ninteregger(2?) ) and Teble 16 the compesition. The totel deasities
used By Wetanabe es given in Fig. 2 do not include the 3.8.P. effect.
Nowsver, below the F-2 maximum, the differances betwsen these totel
densities and those of Minsner end Jacchie ere small. For the spestral
rongs 911-1027 A, the listed velues lie between these of Tousey and Of
Rinteregger, the latter being higher. PFor the rvange 100-911 A, the
selected flux is about J0R higher than the flux observed by Hinteregger
at 210 km but {s about one third their extrapolated value. Buch en
extrapolation, of course, depends on the choice of rsference atmosphere
and absorption cross sections. PFor the region 10-100 A, the total flux
given in Table 15 is a little higher than the 0.1 erg em? goc”!
obtained by Byram et n(“)vho matched the responses of three photon
counters to a single coronal temperature. BSome values in Table 15

are Watanabe's estimates based on visual comparison of emission lines
in the solar |poctrum(“7). The uncertainty in the total flux is
probably no more than a factor of two, since Hinteregger has used a
photoelectric technique which is very amenatle to energy calibration

and quite insensitive to acattered light.
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TABLR 15

Colar flux, ¢4 in the 108 photons c-'zuc'l. for the spectral range
1027-10 A at normal ineidence outside of Earth's atwosphere. The
q's of veak lines and continuum are lumped together for each interval,

while ¢'s of prominent lines ere listed separately,

S i
A (tn &) © AN %
10057 WP 3 T KR X 10
1011 lines 2.5 10,625 X 10
1000-1027 3.8 5063 Wl 18
.0 NIt 10 354 0z 2
977.0 ¢ 1t 2 53 Mot .
2.5 ¥ 9.7 520 ot X3t ’
w.o é 4.0 500-630 60
997.8 wé 2.3 499 8t X1t s
936,904 8 VI 1.9 303.8  He 13 6
930-1000 6.7 300-300 )
911930 13,7 250-300 2
850911 136 170230 23
834 0 I1,I11 6 100-170 4.8
800-850 21 60-100 4.2
780,790 0 1V s 40-60 0.5
770,780 Ne 111 5 2040 0.13
650-800 71 10-20 0.019
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Number density n (in pcr:icloo/cn’) end layer thickness L (in cm

TABLE 16

reduced to STP) at various sltitudes M (in km)

M " e
0 0g ¥, 0 0, M,

s0| 7.1m1008  1,16x1009 o..suubi”L 3.00107 2,14x10°7 0.2x10"F

TIRE samol? 162 2.3¢ s.am10°? 3.9

100} 4.2 1.99 6.ax1012] 1.3 3.6 1.46

108} 3.3 e.5a10ll 2.7 7.2%10°3 1.63 7.0m10°3

110} 1.19 2.8 1.10 4.1 s.ax10°3 3.7

us] S0l 1. s.molll  2.04 W 2.14

120} 3.3 7am0t0 3 1.04 2.96 1.96

130] 1.9 2.4 1.09 1.07 1.41 6.0%10°3

10| e.emo® 1.0 5.1x10'%  7.ami0%% e.2m10%* 4.0

150 3.8 s.7x10? 2.7 5.6 5.2 2.63

100 | 2.5 3.3 1.62 6.4 .6 1.88

170 | 1.78 2,1 1.07 3.7 2.62 1.36

180 | 1.26 1.42 1.9x10° | 3 1.97 1.0

200 | 8.1x108 7.5x108 4.0 2.37 1.22 6. 2m10"*

220 | 5.8 4.6 2.4 1.87 7.9%10°% 4.0

250 {3.7 2.3 1.12 1.35 4.3 2.1

300 | 1.98 8.1x10’ 3.0x10% | s.4x10°3 1,63 8.4x10°3

330 |1.20 3.2 1.87 5.4 6.5x10°¢ 1.8

400 {7.9x107 1.32 7.2x107 3.6 2.6 1.81

500 |3.6 1.9x10% 1.6 1.6 6x1077 4x10°6 |
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The lorgeet wevelength in Table 15 corresponds to the first loni-
eotion potential of 02 but it ehould be noted thet photone of lenger
vavelengths can ioniee en 03 which {s in an excited etate. 7Tor exemple,
ot ¢ temperature of 1000°R edout 10% of O, molecules ere in the first
vidretionel level; henee radiation of wavelengths up to 1043 A can
ionine thess molecules. Im the eltitude region edbove about 150 ka the
soler 0 VI ewmiseion Iines at 1032 A and 1038 A with inteneities
(¢ x 107 photon on? see"1) codperable to thet of lLymsn-beta can
produce some ientmetfen., As to the ebsorption and photo-ionisetion
cross sectioms, enietent information appears to be sdequete since the
effects ere integreted over meny wavelengths. Wetanabe(48) nae
vevieved the deta oa sbeorption cross sections end hes listed in
Table 17, recommended velues for Op and N,. Similerly, Delgerne(#)

hae presented sets of recommended valuse for O and N atoms from their
ionisation thresheld to 0.1 A.

The wavelengths correeponding to the ionieetion threehsld of 03,
0, udlz are, respactively, 1027, 911, and 796 A. OCelculations of
photoienisation retee require both the total ebsorption and the !
photoienieation croes sections of these conetituents, eince part of

the eoler ultravielet flux in the region below 1027 A is removed by

ebeorption procesees not leading to ion production. For example, ]
solar Lymen-gemme (972.5 A) cen ionise 0, molecules but it is almost

entirely absorbed by N molecules at sititudes ebove 200 km and

therefore makes a negligible contribution to tha E and F regions.

As pointed out by Knto(so). pert of the svlar Lyman—beta is absorbad
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.

Absorption coefficient 'k (cn'l) of '2 and oz for some golar

TABLE 17.

vlitrevielet 1inss in the region 200-1000 A,

- ;

3034
504.9
609.7
ma
790.2
2.7
93.3
33.7
3.3
903.6
903.9
904.5
937.8
949.7
972.5
97/.0
989.8
1025.7

(% I2)
(% 1)
(Mg X)
(0 )
(0 1)
(o 112)
(0 1)
(0 111)
(0 111)
(¢ I3)
(c 1)
(c 13)
(n 1)
(¥ 1)
(R 1)
(¢ 111)
(N 1I1)
(H1)

N
R(%g ) R (0g)
200 %0
160 $00
330 340
‘ 800
250 1
670
92 670
260 %0
230 340
120 300
300 230
2 240
290 210
200 1s
90 160
7600 1000
100(?) 90
(" 60
0.01 45
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by atomic oxygen, but the amount appears to de omall (31D due to the fact

that Lyman-beta is droasdaned; this is also the case of l.yuu-olphn(”).

Atmosphieric absorptien in the spectral ragion 800-1100 A which is
faportdnt to the B reglon is essenifally controlled by Oy and Ny,  Por
0y, both the sbeorptien and photoionisstion creso sscttoms heve desn
measured by Wstanabe end Marme(3%) ac many wevolengthe. Bue for Wy,
publishec data ave meager, pertisily dve to the complaxity of the Ny
absorption spestrum. Abeorption cosfficients vary from almest maro to
a8 high as 7600 on"! t1n this region. Ooms data by ltemote ‘ﬁ‘“’

were we-.l.

Poc hn epeutral region 100-800 4 which 1s critical to the 7 ragion,
available data are again rather meagsr| however: the sprasd in the
absorption coafficient is comperatively smell owing to the faet that
continuous abserption sets in for ali major constituents. The spresd
is probadly from 100 en"l to 1000 o-'l, For example at 584 A, the
absorption coefficiente of 03. Ny, and O asre, respectively, 540, 320 and
350 en"!, and at 304 A, respsctively, 300, 160, and 250 em"}, The
photoicnisation yield is aleo uniforamly high, nearly 100 percent in
most cases. Thus, errors in the cross section appsar to bs less

serious than errors in composition,

88




3.3.2 Mtuuon of Solar VUltreviolet

The solar ultraviolet flux at sech eltitude 1s calculated

by weans of the equetion
O = g om (-Ek L) | (38)

vhers L end q ore the incident and transmitted flux for a given
wavelength, h‘ = ghsorption cosfficisnt of sach constituent, and
L‘ is the layer thickness for esch constituent as ~iven in
Tedle 16, The tramenission, T im psrcent, is defined dy

T = 100 (4/e,) (")

The results for particuler weveleagths ere shown in Figure

2% for & = 0°, Pigure 24 {ndicetes that for & = 0°, radistion
of wavelengths 000-1027 A is absorbed mainly in the sititude remge
100-150 kn (B region), while rediation in the range 100-000 A is |
dhaorded nostly at altitudse 140-200 km or the lower F regiom.

Only e small portion of the eolar ultraviolet is absorbed in the
region above 200 im at L = 0° since the absorption cosfficient of

1

the geses is less than 1000 em = ot most wavelengths. An intse-

esting sxception is Lyman-gamma, at its wavelength, k = 7600 u'l
for '2 end about 1000 cn'l for 02. The results for the depth of

penatration are somewhat higher than previous ntmtn(")hocwu
the recent atmospheric densitivs abovs 130 km are higher than pre-

satellite deta,
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Broken curve s lor air with effective
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The caleulations can be checked ageinst photographs of
solar mm.(") Por enaspla, the soler C 111 iine at 977 A
panatrates to sbout 110 ke end Lyman gamms cown to 200 km, in
agresasit with rocket observationa Altheugh no serioue diserepine
etes aze found, the caleulatioms ere considered temtatdve since
the availsblae spestra are still Gweuffictent to pavoit quenti-
tetive comparisons. Tt should elso be risted thet lsdoretory
sbsotption cosffietunts mhy not e directly sppliceble 1f the
solar emissdon line §s sush Droader than the eo‘s{rcmm 1ine
ueed fn the laheratory, T eppeswwte be the csee in Lywsa-
goums, vhieh {e indued dotesteble ot sltttudes belov 200 ha.

Pigure 34 10 alee comstetent with the repid o snge in the
scals hetght st shout 110-170 Wm. BSince the mashwm rate of
sheorption af redistien in the range 100-1100 A aceurs ia this
region, thare should bs comeidaradle heating hers,

3.3, Photoioninetion Rates

Expreseions for tiha rate of fom-peir production in the
atmosphere under the astion of solar radistion have been derived

previously by chanu(”'”) snd ovhers %) ying various

(33)

assunptions. The originel Chapman theory sssumes wmonochromatic

radiation, isothermal etmosphere, and e single gas constituent, Tha
theory hes besn extended to include other assumptions such es very-

(58-39) (56)

ing scale height end band absorption. These derived expres-
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sions serve as valuable theoretical background but cannot ba
epplied reedily to the present conditions (verying composition,
varying scale height, complex seler espectrum end meny sbsorptien
and phetoienteation cross sections). Therefors, it wes nacesatry

to resort to nusbrical summation of the veriouvs components for
the layer thickness. ‘

The photoionisstion rats y in fon-pair ond seal st s
given altitude 15 given by the enpressten

- 1. .y AW 8 o

whete ‘% ie m',w flux £.r a given wavalongth at the givan
altttude detined by Bq.(36) U, = Photetonteation eress sestion

of sach eonstituent at each wavelemgth, and LY fs the number
denaity of sach constituent at the given asltitude,

It is of interest te subdivide the totel p at sach sltitude
into comtridbutions from several spectral remges: 911-1087 A vhish
ifoniees only 02; 796-911 A which fomises both 0 amd 03; 100-79¢ A
vhich fonises 0, 0, and I‘;‘ and 10-100 A which is absorbed in the
B region., Tigures 25 and 26 give the photoionisation rates for
Z=0° and 2 = 04.3°, respectively. The broken curves represent
the contributione of the four spectral ranges and the solid surve
with two principal maxims, ¢ snd @, gives the total rate. Pigure

26 also shows secondary maxima between @ and '. Jor 2 = 0°. the

92




r——

ey e

T A N AT T S & ’?3‘*, TN S

AN \p 796 - 91!
o \\ AN
N \
= Naaen-027 \
Sy \\
~ N\
QU MI0-100 S \ ¢
- '-.~. ~
~ ",
‘N.~. ~,
~ — o g
2 e e i e Sy et b PN

™4
|°°m—.-———-“

| . T . Illl ) I N N IL| 1 1 1144l

0 100 1000
PHOTOIONIZATION RATE (lon-pair cm=3 sec-!)

Figure 25. Photoionjzation Rate Versus Altitude for Normal Incidence. Broken

curves give rates dus to respactive spectral ranges and solid
curve total rates.

93




400

.og—-—'r‘"TTJJuf L Ll |

|

S

0 10 100
PHOTOIONIZATION RATE (lon-pair cm=3 sec—!)

Figure 26  Photolonizaticn Rate Versus Altftude fer Hol

94

[
v Zensth Angle kg 1 te b4 oo




B <o s Sy o S
.

lover maxisum ie ot adout 105 Xm (B region) and the highar
askisum 1s at uhout 130 km (dottom of the " region) . FPor
£ = 04.3°, the corresponding maxisa have shifted to 130 ené
200 km, respectively. The lerger shift of the muu}"u
due to the lerge scale height in the region sbove 150 ‘v end
is the bdasis for th; tormation of the 1'2 region,

The shotoionigation rates ‘wee Table 10) arve from 20 to
100 times lerger then those cosputed by Mevens. Priséman, end
muidure, (99 4nd are mors nesrly in sgreemént vith vdtes tuplied

by redio messurements.

Table 18

PHOTOTONIZATION RATES (10N-PA1R on’® sac" )

Altitude (km) 1% 200 2%0 300 350
Havens ot 8l 200 80 20 S 1.6
Present stidy  aes0 2160 80 970 180
g - 90° 17 1 123 139 1

in oddittcn,Johnlon(bl) found it necesssry tn in¢reame the flux
uged by Hevens g} ;_l.“o’ by fifteen times {n order to accoun’
for the high temperstures existing in P region, and his indirect

estimete of the flux for the He 11 tine 4t 504 A 14 remarkably
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close to Hintumﬂ'u(”) tesults.

The comparatively high tonization rates in the F ragion for
2 « 90° show th(t ionisacion in this region is not negligible ewen
duving the mtau period. The ionisation rate at about 300 ke
changes eﬂr\tvfi,lntn of two throughout the day, but at 150 km
the changs is wore thes @ fastor of 10°, .

3.3.4 Pormation of the ¥ Region

A9 & result of the work ol Ju&loa("’ and others, the
consept of a vertiesl ddetribution of clectron deneity se o
succossirn o(hnlu hes been replaced by chenges Jn the gyadient
of & mmulwmm function (to the P-2 mxtﬁd’ € and
n M'W regions of high electron density gradiemt. .

'hﬂ’y thortu(“) ot the P=layer usuaily involived two
diffarant ﬁomtton processas to explain the origir of the twe
F regione; but according to Bradbury's hypothuu(“) both
"leysrs" are producad by the same radiation and the double layer
is then due to the rapid decrasse of recombination coafficient

(65.32)

with altitude. Bates considers this hypothesis to be

essentially correct.,

Watanabe's study of the various radiation end related cross
sections has failed to reves! sny photoinnigatinn prccese giving

maximum, nsonstime racte in the F2 region,  Aa shown 'n Figure o4,
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Lymsnegamma ic largely absorbed in the '2 region by lz rather vhan

oz. 80 its sbsorption grovides negligidle amounts of tonisation.

‘ The redistion respuneible foz the ionisstion in the »'1 and
7, vegions lies in the broad spestrai vange 1001009 A, with the
300 A 1ine of He I As the strongest eniesion linu and vith large
contributions from the teiisation continus of hydrogen amd halium,

|

As shown in Pigure 125, wtnwm& cadiation {n thio reage at
vertical incidence produces a meximum ionisation ”,“; st l*?ﬁh;
however, it should be empheeimed that many wevelengthe and several

A further ineight tate the produstion of the P"ledge end
£, posk con by cbtained vith the aid of Pigure 27 which shovs the
photoionisation rates for diffsrent sensth sigles. At sunrise

. the maxisum fonisstion rate ff te st about 300 km, epproximstely
coinciding with the height of the pesk of the night-time electyon
demaity (& 10°caY), Memce during the hour period areund suneies,

there is ¢ comperatively high "Build up" of eleciron density at
this altitude due to the combined effect of the lov recombinsticn
rate and relatively high ionisetion rate. As the sun rises, the

location of the maximum ionisstion rate ”dllt!hﬂl rather rapidly

to the rl region, but due to the higher vecombinstion rates found

at lower altitudes, the '2 electron density pesk »t 300 km does nnt
correspondingly shift downward; instead, a ledge apperrs i{n the

electyon density curve and descends to about 150 km. 'n sther w-orde |
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Figure 27 lotal Photoionization Rate Versus Altitude Tur Four Zentth Angles
Arrcws show the direction ol displacement ¢i the pesks, phi, Ana
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the so-celled "epistting" or "difurcation® of cthe P layer ie the
roault of the enhaicoment and peresstence of the F, peak and the
movamant of the rl ledgs, Thus this study supporte the work of
pradvury(™ Baves, OV o4 oaners,

3.3.5 Wisotron Denstty and Recomsination Conticiems in the & and ¥
. tgmoring verricel drift, the folloving equaticn ey be used

to sotimate the slecteon demeity eod 46s varlstion with time,

. . |
Y RE 1y g_,m I

vhore n ® slectron demsity, 4 ® effeekive slesteon nﬁw.lm eate
4960 affective rocoadimstion m mumh values ot

o shov & vids spreed; for swasple Bates ond Mesvey*® Nave west
£ 5 10"%m%sc’! (or the B dayor (at 100 bm) ond Mitve .H-":&n‘”‘"

heve roported 3 x u" ’.c at 100 be oW, 1.6 T wlene”!
o 140 T vardetion ot ®t wieh om:m 1 mumu,
represented by the drohen curve in Figure &

Near the bottom of the £ rrgion at about 103 kB, photoms in
the rengs 1000-10:7 A produce most of the electronsicn pairs by
photoionigation of oi. (absoeption by 0 and Nz is negligible). q.
the photoionimetion rate. is very smell 2t gunrice But reaches ahoue

-l j oo

160 cn"ae: after ha't an hour and exceeds 300 em” ' rec ’ in !

hours. By numerical integrit:ion and auccensive approxim:®.on n s
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found to {nevease rapidly during the same period so that during
the greater part of the day dn/dt {eo small compared to g and

ok o2, Thie te quasi-equitibrium or dn/dt v 0. Ustng O =

2.5 » 10" % 00et, ¢ = 1400 endaee tor 2 =0, nv2.4u
10907 Whtoh 1n tNG sorrast order of megnitude for the minisum
electron demsity in the K vegion. It should be sdded chat X-reys
e mu‘ * and 0" tons, the formar recombining more repidly,

;mm m-n slowly, than o"" lonic composition deter.

aisad by Jo [_j:“__““”mma*umumm
mfueﬂ;ﬂMcmeummm
mw Purthevmore, the effective recondimation coslfictent at
Mmm to bs controlled mialy by the disscetstive

e

‘wesoublastion of 0,°. 1
< a

In the upper & region st about 130 kn. Zhe rediation in. }

the ragion below 911 A as well as radtation in the cegton 9111000 & i

plays an imporsant rols, sspecially for nesr-vertical sus. Photone
in these regione can ioniss O and “z a8 vwell as .2' Since the lose

R ek o

rate of Ia"' ie faster than that of other ions, the calculated photo-

ifonisation rate (2000 om uc'l) {s reduced to an effective electron

production rate of about 500 enJe0c”!. This value combined with
ol = 1.8 x 10°%cmYsec"! ytolds n = 1.6 x 10 cm"3 for the noon 1
time electron density. Though this density ie somevhat lower than i
that for the 103 km level, it does not establiish firmly that

there s shallov minimum f{n the electron density curve.
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Near the bottom of the ’1 region at about 160 km, the night-
time electron daneity 1s about 10%n"?, and sccording to the above
numerical integration, this density is incressed to 10°an"3 ot the
end of the firet hour after suntiss, Subsequent to this period,
n/4t agein becomss smsll compared te q and o n?, so thet queeds
mtmm exists in the l rvogion., Xf q is teken to ba one-
m the mm Mumm rate (ﬂl o m") and

‘ mi * U"iﬂ‘h\"‘. the mm slsctron densdity of the rx

wmumuﬂu mmuuxmumma-
,tﬂmmmmmmnm 15 conststent vith

ﬁm m% conceatration in the sssumed model w

_ m 18). In othet words, the slower recombination process fwdvtu

fﬁl not fully effective as the rate determining process.

| In the F, vegion at about JOQ ke, the night-time olestron
density 4s sdout 2 x 10%ca"3, ond according to the numerical
tutegration, this density is doudbled during the first hour efter
sunrise end subsequently increanes rather slowly {compared to the
situation at lower altitudes). As shown in Pigure 27, the photo-
ionisation rate is nearly constant after the first hour. Por

constant q. the slectron density is given by the equation
L] L
ne (q/0) tanh [( og) t+ conu.] (40)

4nd o approaches the limit (q/o()}‘. 1f the effective q is

one-third of the photoionisation rats and o = § x lo'mcm:uc -1
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the maximus electron density is 1.3 x n‘u" vhich compaces
foverably with obeerved value. 1t s to ba noted that this is
& somavhat simplified pioture of the dymamics of the fenisation

of mr-u.m mumum sub-solar bulge(and ite
mmmmm;wwuhm
ummumv-imnmarma
1s to bs ganerated quantitatively.

3.3.6 Dugres of Ionivation sdove 100 m

spacies, end the redto Hu. i w that the total
Mym“mm m 2 and 30) ave feirly well
known up to lﬁtli!lll li'?.l hn. At 700 bm, Jacehis has found
mm umdmm (due to doth random and solar-
Mh!@tW«ny be 40 high as a faetor of 20. This, of
course, implies that & stetic model le of limited uee at the
extrows heights of the terrestrial atmosphere. Present ideas
on the effect of the selar wind in dietorting the terrestrial

magnetic £iald (and thue the distribution of the dominantly ion-
tsed medium) tend to substantiate change as the basic attribute

of the upper regions. On the other hand, it is presently conside
orad that even to heights of 700 km, the neutrel composition re~
mains relatively unknown. In spite of the lack of information con-
cerning the compusition, it might be possible to arrive at probabdle

values of the degree of ionisation. This parameter is of some
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importenca to the theorist in that it marke the areas whare anistent
theories of hyirodymamics end magnetohydrodynamices may ba used to
spproxisete fh pheanomane. Too fraquantly in the past, magneto-
hydrodynauies hao baen used in ragions wvhara tha degres of foni-
sition Lo otill small.

Botimates of the degree of sonieetion at tha Assymtotis

§oint, the tuversection of the terrestrisl atmosphers and the solar

sdiove avatiadle. Tousey ot a1/22) nave made meseurements on the
sxifsshosapbios of e colitstonslly beostomed - &t 1ses,
Nntevenper'®®) nas tovestigated the altttude dependence of the
solsy flun and consiuded that {f the mxan demsity of intar-plemetary
spsse (sun-escth) 13 of the ovder of 300 particles/en’ and further
thet the racombination vetesseslfietont s 10" 3cussc™ (thia 10 o
ressonsble value for a rafistive recombimation procese), then the
dagres af donisetion in the solsr corpuscular stresm is 0,999,
With current astimates of the axtent of tha tarrestrisl magantis

field ee about I earth radii, this determines the degree of tomi-
sation above 35,000 km. In Pigure .& values ars plotted to 700 km
using the alactron dansity of the Middla hctemf at noon for sune
spot maximum and tha neutral denaitias of tha 1959 ARDC Atmosphara.
Tha lattar is not quita appropriata cinca Jccchu“’ has indicated
that with these sub-solar angles, )&MM:"(“’valun at 700 km are
too low by factors of 3 tea &. The values between 700 and 2000 km
are taken from Gripp and ch:tltun“” who extended the Mingner

model assuming a constant temperature in the region. The constant
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¢ temperature postulste is not favorably considersd by Ninsner, The
~ profile given in Pigurei0t must churefore bs comsidered tantative,
and the dagres of foninstten wey, &» wes potnced out, exhibdt
large sesulsr variations, hﬂﬂwmﬂ:_,f“f
.whmwﬁhhm Bich he selec
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ha sajor obesrvativnal gep in the solar spectrum, 100-
mﬂ “ besa largely slosed ﬂﬁu the past two years by the

-mnpﬁ—u. 32 4ok 24616 19) show that the solar

we 15 Shis Fegton Lo quite diffevent from a1l previcus es-

iiites oe ssbumed opestsa) end for the firet tiss, calouletions
-Wmhmlurwmuwu

Senltunts waluse of soder flux, Unpubttsted dave v 7¥or cnese
wmm the pubitshed dats in the construce
tion of Piguee 33. The esler spectrum in the range 100-1100 A

is very sowplex; there sre meny smission lines, both week and strong
ond thove ave also emisstion continua such es the Lymen contimum -t
hpdtogen which provides s significent emount of energy.

It 1e woll kmown that radiation intensities in the x-ray
sagion can vary by seversl orders cof magnitude, depending cn the
"aetivity" of the sun. MNoreover, inherent difficultiss in the inter-
pretation of the measured x-ray photon count have led to amtiguities,
Tor sxemple, Friedman et el originally report the x-rey fiux
(7=10A) for 3eptember 29, 1949, as 10"’-:. o Psec”t, but later
reinterpret the same date 2s indicative of s flux ms high as 0,44
org cn? sec’l, Consequently, estimates for this region ir the

cese of the normal sun may be {in error by cre cr mere rrder |

magnitude,
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Pigure 31,

THE SOLAR SPECTRUM-APRIL 19, 1960
200 TO 148 KM
USNRL

The Solar Spectrum as Obtained from ..ocket Experiment (after Tousey)
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Pigurs 32. Oxygen Absorption Spectrum as Measured [rom Rocket Experiment
in the Altitude Regime 103-218 km (after Tousey) .
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For the regien of $0-1300A, Dr. Ninteregger obtained

2 1

10 ovge en” ° sec”

2 1

at &1 altitude of 210 km, of which 6.0 ergs

en “ seo”" 4o attributed to Lyman-alpha. Ne estimates & total

2 u::'1 suteids of the terrsstrial stmosphere. Nis

of 15 orgs on’
sstimates plus the spastrographs of Dr. Tousey are the principsl
m. in this region of the spectrum. The total flux pered.
#ent to the tsbulated estimates in the reglon 300-1300A fs 11
scgs on'? soo™t. Thie velue is ebenined by eorradting
Simteraggor's vesults (for atavspheric sboorption) and s, there-
fore, higher than the uncorrested data of m*qu
97 o). ‘ ] &

For the vegion of 1200-2100A, estisstes of uu'..

Antensttion by Tousey ditter from thove of Viclet und Benss(’®

ynmmdnmﬁn. Greater weight has been given to
Tousey's date in view of thu lower eomtribution of scattered
light in the WRL phetographe.

As indicative of the uncertainties involved, it is
estimated that the lins intensities may be in error by a factor
of two in most cases, but as high as a fsctor of five in others.
On the other hand, the intensity of ths continuum may be in error
by a factor of thrse at frequencies above JOOA end by a larger
factor at the lower portion of the spectrum. For meny of the

line intensities, it has been necessary to make sstimates on the
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basis of a visual comparison of the line intensities and the

continuum in the spectrographe provided by Br. Tousey.

The magnituds of the minimum ton production rates can
bs ussd as ¢ guide to selact the solar flux from ths available
data, nm“’ has peinted out that the fiux used by Haven,
Frisdman, &nd Wtu) lesd to insufficient ionisation rates,
On the other hend, the flux of 13 avgs cn”> sea”> for the Mo It
’mo’ gives too high vates of lontsstion vhen the flus of ocher
smidalon 1inss and coatinue te prepertionstely included. Pre-
liminary caloulations for ths altitude rangs 90-400 i indicate
that the deta by Ninceregger and Tousey can yisld reasensble
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4.2. Phaken Plux from Sun Outaide Atmossbars in Region 1000=30,000 8

Table 20 provides taduleted data of calculeted photon fluxes.

Basic information:

Colum 1 - Wavelength region (every 30 %)

2 - Mean vavelensth (1.e. 2400-2630 A ie 2.42 in cm)

3. Q) in vecte/n’

&'- Q) converted te erge/em’ sec
1wace « 107 erg/ees 1 Meter? = 10% o
IO'O’I[/IU x;-:z“- 10} erg/om, sec -

5 ~ B’% © energy of photon mesn ).-w ',.H“ﬂ

| vith A tn ome e
6-NA =QX /EL
7 - A (running totel for imcressing vavelengths

Range! f
Betvesn 0 - 3300 R Ake= 508 i
3500 - 6000 AX = %8 -]

6000 - 11,000 A =1008

11,000 - 20,000 A\ = 1000 &
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